To explore the insights of recent experiments on the excitation of the NO molecule by chirped subpicosecond IR pulses, a corresponding theoretical study is presented. The agreements between experimental and theoretical results show the importance of the full-dimensional quantum-mechanical calculation.
I. INTRODUCTION
The coherent control of molecular photoexcitation has attracted increasing interest recently ͓1-8͔. One facet of which is the excitation of the molecule into a specific highly excited vibrational state in order to enhance the chemical activity.
There are several routes to reach this goal, such as stimulated emission pumping ͑SEP͒ ͓9,10͔ and stimulated rapid adiabatic passage ͑SRAP͒ ͓11͔, which have successfully prepared highly excited vibrational states in small molecules by using long laser pulses. Although these methods can excite the molecules to highly excited vibrational states, there are still some problems to overcome. For example, the transition dipole moment between the initial and final states is small and hence the few-photon absorption processes are inefficient; increasing the pulse intensity certainly may enhance the excitation probability, but other side effects, such as the deformation of potential-energy surfaces and the ionization processes, will occur. Besides, the characteristic time of the laser pulse is longer than the time scale of the intramolecular vibrational relaxation ͑IVR͒ processes so that the bondselective excitation becomes impossible ͓12,13͔.
As proposed by Chelkowski and Bandrauk ͓3͔, an optimal stepwise chirped pulse is able to provide a solution for overcoming the anharmonicity of the molecular potential, and reducing the pulse intensity for significant population. They derived the optimal chirped pulses by using the -pulse criterion of a two-level system ͓14͔. Unfortunately this kind of pulse is very hard to construct experimentally. Actually the ladder-climbing processes are far more complicated than the two-level ''-pulse'' criterion if the rotational states are taken into consideration. Liu and co-workers ͓7,8͔ and our previous works ͓15,16͔ have shown that linear chirped pulses almost have the same efficiency as Chelkowski and Bandrauk's optimal pulses, both in quantum and classical calculations. However, when the chirping is performed, a weaker condition on the chirping rate is needed: ͉d(t)/dt͉ Ӷ⍀ Rabi 2 (t). That is, the chirping rate should be sufficiently slow, compared to the Rabi frequency ⍀ Rabi (t), in order to transfer the population in the adiabatic regime.
Recently, Maas and co-workers performed the first experiment of NO molecular excitation by a linear chirped free-electron laser ͓17,18͔. They showed the robustness of such a type of linear chirped pulse ͑called FELIX, the freeelectron laser for infrared experiments͒ excitation against the instability of pulse characteristics. They found that the third vibrational excited state can be reached with FELIX. Moreover, the correct and incorrect directions of chirping cause an eight times difference in the excitation populations; and they also showed the possibility of applying such an ultrashort pulse to pump laser energy into the selected bond and localizing in the specific state for the polyatomic molecules within 1 ps. We will address in this paper the theoretical study of the corresponding experiment. A detailed fulldimensional quantum simulation will prove to reproduce the experimental data well.
In most situations, the one-dimensional ͑1D͒ model for a diatomic molecule is frequently employed to examine the molecular behavior under the interaction with a light field. However, a majority of these studies have neglected the rotational effect and the coupling between rotational and vibrational states. The 1D model also assumes that the molecular axis is perfectly aligned along the external field axis throughout the interaction time, and is much easier to calculate than the full-dimensional study ͓1,16,19,20͔ . Our previous studies ͓16͔ show that, although the chirping excitation dynamics are roughly similar to each other for the 1D and full-dimensional cases, the field duration must be longer and field intensity must be stronger for the real molecule to have the same populations and dissociation probability as the 1D model. This is because the full-dimensional molecule has a weaker dipole moment than the 1D model. To mimic the realistic field-molecule interaction, we must include the rotational effect in the excitation process.
II. CALCULATION METHOD
The system we study here is the NO molecules irradiated by a chirped IR laser pulse. Under the Born-Oppenheimer approximation, the vibrational and rotational states in the ground electronic state can be described by the solution of the Hamiltonian where (t)ϭ͐ Ϫϱ t (tЈ)d tЈ is the phase of the pulse at time t with chirped frequency (t). The light pulse is chirped by passing through a pulse shaper that is centered around 0 with a small bandwidth ⌬ and duration 0 ͓18,21͔. The output light is then composed of the different phase delay components with a new bandwidth parameter
and a stretched pulse duration 2 ϭ 0
where the ␣ is the chirping parameter and is determined by the experimental condition. If ␣ӷ 0 2 , the instantaneous frequency changes linearly in time during the pulse, with the rate of change d/dt being approximately inversely proportional to the chirping parameter ␣:
For the field linearly polarized along the z direction, the time-dependent Schrödinger equation is
where the effective potential 
The state function is transformed alternatively between coordinate and momentum space by the fast-Fourier transform method ͓24͔. For the linearly polarized field, the magnetic quantum number m is conserved and hence the system is actually two dimensional. In addition, the propagation of the dipole coupling term can be analytically solved. Since
the following expansion can be made:
Then, the time-dependent radial part becomes
where ͗l 1 m 1 l 2 m 2 ͉l 3 m 3 ͘ is the Clebsch-Gordan coefficient, ⍀ϭ(,), kϭ͉E(tϩ⌬/2)͉⌬ and j n (k) is the spherical Bessel function of order n. In the numerical calculation, corresponding experimental parameters are followed. The NO molecule is irradiated by the ͑sub͒picosecond chirped pulse with intensity I chirp ϭE m 2 . Assume that there is no energy loss before and after chirping, the output pulse has a field strength E m ϭͱI max 0 /, which is smaller than the input pulse field strength due to the stretched duration, and the input pulse intensity I max ϭ10 10 W/cm 2 . The infrared laser frequency is 1850 cm Ϫ1 with a bandwidth limit 40 cm Ϫ1 ͓18͔. In our calculation, 48 a.u. for a span of the radial coordinate, 2048 grid points, and 7-8 partial waves in angular expansion, are used. The population of the highest angular-momentum partial wave is less than 10 Ϫ16 at the end of the pulse. In the field-free calibration, the norm of the wave function is accurate to the 11th decimal point during 0.37-ps propagation. This guarantees that our presentation of small probability is reliable.
The population probability of the th state P (t) is defined as
where P ,l (t)ϭͦ͗ ,l (t)͉(t)ͦ͘ 2 denotes the population of the lth rotational level of the th vibrational state at time t and ϭ0,1,2, . . . ,54.
III. RESULTS AND DISCUSSION
We first depict the populations of excited states vs time. Figure 1͑a͒ is the result of negative chirping with ␣ϭϪ1.0 ϫ10 Ϫ25 s 2 , and Fig. 1͑b͒ is for ␣ϭ1.0ϫ10 Ϫ25 s 2 . We can see from these results that the first excited-state population for negative chirping is always larger than the positive one during the interaction time, although the final populations are almost the same in both cases. This reflects the fact that the negative ␣ case matches the blue-to-red change of the vibrational ladders. The positive ␣ case tunes the frequency oppositely and is chirped in the ''wrong'' direction, as indicated in the experiments ͓17,18͔. As shown in Fig. 1͑a͒ , we can see that part of the first excited-state population is pumped to upper levels sequentially, while most of the first excited-state population in the negative chirping case is dumped back into the ground state. This is due to the twolevel excitation characteristics and the interference between a ''red'' P branch and a ''blue'' R branch ͓17,25͔. The mechanism is that, when the (ϭ0, lϭ0) initial state has been pumped into the state (ϭ1,lϭ1), the intermediate state can be further pumped up into ϭ2, lϭ0 ͑the ''red'' P branch͒ or into ϭ2, lϭ2 ͑the ''blue'' R-branch͒; however, the former process is preferred due to the lower transition frequency while the field frequency is chirped into lower region. On the other hand, the intermediate state can also undergo stimulated emission to ϭ0, lϭ0 and ϭ0, lϭ2; again the latter one is preferred for the lower frequency for the same reason.
In Fig. 2 , we compare our calculated results with the measurements of Maas et al. ͓18͔ for the initial state prepared in the vibrational ground state with zero rotational quantum number. The populations are normalized with respect to ␣ ϭϪ1.5ϫ10 Ϫ25 s 2 for ϭ3 in Fig. 2͑a͒ , and are normalized with respect to ␣ϭϪ5.0ϫ10 Ϫ26 s 2 for ϭ1 in Fig. 2͑b͒ . From Fig. 2͑a͒ , the numerical results are in good agreement with the experimental data for most ␣ values. The calculation shows minor deviations from the experimental results only at ␣ smaller than Ϫ2.0ϫ10 Ϫ25 s 2 . The deviations are mainly for the following reasons: ͑i͒ the pulse bandwidth is smaller than the experimental value, 50 cm Ϫ1 , and the transition frequency of neighboring states is slightly different from the experiment; ͑ii͒ the populations must be averaged over all the possible states in thermal equilibrium. The contribution from other thermal states must be taken into account when the temperature is not very low ͓18͔. In Fig.  2͑b͒ , the first excited-state population is nearly equal and saturated against the chirps. This is because the chirped pulses always sweep across the resonance frequency between ϭ0 and ϭ1 ( 0 ϭ1863 cm Ϫ1 ) around the maximum pulse intensity in both chirping directions during the interaction time.
Classically, the molecular systems that have a larger dipole moment along the field polarization direction will be more easily excited by the external field. Maas and coworkers ͓17,18͔ measured of the rotational excitations from the vibrational ground state with lϭ0 and lϭ1 into the first and third vibrational excited states. To investigate the angular effects on these excitations, Fig. 3͑a͒ and 3͑b͒ show the cases of chirped excitation from the initial states of the vibrational ground states with angular parts Y 00 and Y 10 in states of ϭ1 and 3, respectively. We find that the ϭ3 population of lϭ1, mϭ0 is clearly larger than the lϭ0 and mϭ0 case in Fig. 3͑a͒ . But the population difference of the two partial waves with respect to the chirping parameter ␣ for ϭ3 is not as uniform as those of ϭ1 in Fig. 3͑b͒ . This implies that the Y 10 spatial distribution has a larger probability along the field polarization direction and is more easily excited to higher states than Y 00 . Again, the ϭ1 population reveals saturation of excitation against the chirping in Fig.  3͑b͒ .
Although the calculation results are in good agreement with the experimental data, it is worthwhile to investigate the poor population transfer in the chirping excitation. We plot the time dependence of the instantaneous frequency (t) and the pulse amplitude E m exp(Ϫ⌫t 2 ) in Fig. 4 . As we can see in Fig. 4 , the pulse amplitude is smaller and broader when the chirping parameter value (͉␣͉) increases. On the other hand, the frequency sweep ͑chirping rate͒ becomes more and more slow to match the weaker adiabatic condition as the chirping parameter increases. The two factors compete and determine the excitation efficiency. As a result, the fast chirping rate ͑small ␣) and low pulse amplitude ͑large ␣) have a smaller excitation population of high vibrational states. Figure 4 also shows that the ϭ0→ϭ1 and ϭ1 →ϭ2 transitions do not take place in the maximum region of the pulse amplitude, which is another factor resulting in the poor excitation population. In Fig. 5͑a͒ we calculate the populations of ϭ1 and ϭ3 states by varying the central frequency 0 from 1800 cm Ϫ1 to 1900 cm Ϫ1 at ␣ϭ1.5 ϫ10 Ϫ25 s 2 and 0 ϭ370 fs and by changing the duration at ␣ϭ1.5ϫ10
Ϫ25 and 0 ϭ1850 cm Ϫ1 in Fig. 5͑b͒ . In Fig.   FIG. 3 5͑a͒ the central frequency will determine the time of the consecutive transitions. There is no significant population increase around 0 ϭ1850 cm Ϫ1 . As the 0 increases, the stretch of the chirped pulse is small and the large and long pulse amplitude makes it match the adiabatic condition better than the short duration. The increase of populations is still not so prominent. A careful check of the adiabatic condition for this chirped pulse and NO system will elucidate the inefficient excitation. 
where Ј and are two neighboring states and lЈϭlϮ1, the weaker adiabatic condition ͉d(t)/dt͉Ӷ⍀ Rabi 2 (t) is not satisfied in the NO case due to the low intensity, and the chirping excitation is inefficient. Slowing down the chirping rate also stretches the pulse duration and as a result decreases the output laser intensity if the energy is conserved before and after the chirping. Therefore, having significant excitation within picoseconds, one has to increase the pulse intensity or the chirping parameter of longer pulse duration.
IV. CONCLUSIONS
In summary, we have given the calculated results, including the rotational degree of freedom in the calculation of chirping excitation, and compared them with the experimental results. To our knowledge, this is the first comparison between theory and experiment of the chirped pulse excitation of the NO molecule. Experimental data show a rotational temperature of Tϭ15 K for ϭ0. The effect of the free-electron laser on the vibrational transitions is two orders of magnitude larger than the thermal effect. So the neglect of the thermal effect in this paper is reasonable for higher vibrational excited states. For a future investigation, thermal distribution will be considered for other higher l initial states, and the interference between states will be explored. 
